In isolated myocytes, hypertrophy induced by norepinephrine is mediated via ␣1-adrenergic receptors (ARs) and not ␤-ARs. However, mice with deletions of both major cardiac ␣1-ARs still develop hypertrophy in response to pressure overload. Our purpose was to better define the role of ␤-AR subtypes in regulating cardiac hypertrophy in vivo, important given the widespread clinical use of ␤-AR antagonists and the likelihood that patients treated with these agents could develop conditions of further afterload stress. Mice with deletions of ␤1, ␤2, or both ␤1-and ␤2-ARs were subjected to transverse aortic constriction (TAC). After 3 wk, ␤1
angiogenesis; genes; G protein-coupled receptors CHRONIC LEFT VENTRICULAR (LV) PRESSURE overload is present in patients with aortic stenosis, coarctation of the aorta, and systemic hypertension, and although it is one of the leading causes of heart failure (18) , moderate levels of pressure overload can be tolerated for decades. The mechanisms by which the heart adapts to pressure overload, producing either an adaptive (compensated hypertrophy) or a maladaptive (heart failure) phenotype, have been the subject of considerable investigation. One of the signaling pathways implicated in the hypertrophic response is that mediated by catecholamines acting via ␣-and ␤-adrenergic receptors (ARs; Refs. 5, 15, 18, 33) . In isolated myocytes, hypertrophy induced by norepinephrine is mediated via ␣ 1 -ARs; however, in vivo, mice with deletions of both of the major cardiac ␣ 1 -ARs still develop hypertrophy when exposed to pressure overload (29, 30) . This suggests that the other target for catecholamine stimulation, the ␤-ARs, must contribute to the development of cardiac hypertrophy in vivo.
There is considerable heterogeneity between ␤ 1 -and ␤ 2 -ARs in their regulation of adaptive and maladaptive cardiac remodeling. In vitro, ␤ 1 -AR activation is predominantly cardiotoxic (55) , whereas ␤ 2 activation can switch between cardiotoxic and cardioprotective signaling (56) . In vivo, overexpression of ␤ 1 -ARs results in an early increase in contractility, followed by hypertrophy and fibrosis with age (5, 15) . Overexpression of ␤ 2 -ARs also transiently increases contractility; however, as these mice age, they develop thinning of the ventricular wall and fibrosis (14, 24) . Previous studies (20, 31) have produced conflicting data on the role of ␤-ARs in response to cardiac afterload stress.
Given the widespread clinical use of ␤-AR antagonists in patients who might also be subject to conditions of altered afterload, we sought to better define the role of ␤-AR subtypes in mediating cardiac hypertrophy. We subjected ␤ 1 , ␤ 2 , and ␤ 1 ␤ 2 -AR knockout mice to transverse aortic constriction (TAC) at a level that induces stable, compensated LV hypertrophy and not cardiac failure (53) . These conditions were chosen to specifically study the separate mechanisms of hypertrophy as distinct from hypertrophy-induced heart failure. Three weeks after surgery, both wild-type (WT) and ␤ 1 Ϫ/Ϫ mice showed significant hypertrophy. The ␤ 2 Ϫ/Ϫ showed markedly exaggerated hypertrophy, and only when both ␤-ARs were absent was the hypertrophic response totally ablated.
MATERIALS AND METHODS
Animal model. Mice with targeted deletions of ␤1 and ␤2 and both ␤ 1-and ␤2-ARs were generated on a congenic FVB background (8, 35, 36) . Three-month-old male mice (body weight: 28 -33 g) were used in all studies to reduce variability in TAC response and gene expression due to age or gender. For physiologic studies, 10 mice were used of each genotype and compared with 10 sham-operated WT controls. For gene expression studies, an additional nine mice were used in each genotype. To compare the effects of ␤-ARs on hypertrophy in mice from a mixed strain background, we also performed TAC in ␤ 1␤2 Ϫ/Ϫ mice from a mixed background (129X1/SvJ, C57BL/6J, DBA/2, and FVB/N), the strain combination that we had previously reported (35) and the one that that is commercially available through the Jackson Laboratory (Bar Harbor, ME). These mice were compared with mixed strain-identical WT mice derived from matched littermates. All protocols were approved by the Stanford Administrative Panel for Laboratory Animal Care and were consistent with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.
Surgery and tissue sample preparation. TAC was performed as previously described (53) . Briefly, anesthesia was induced with 3% isoflurane and maintained with 1.5% isoflurane. The aortic arch was isolated by entering the extrapleural space above the second rib. The 7-0 silk suture was tightened around a 27-gauge needle placed adjacent to the aorta, which was then removed, yielding a reproducible degree of constriction. We chose a degree and duration of TAC that induce stable LV hypertrophy and not cardiac failure in both FVB and mixed strain mice (53), as we were interested in isolating the response to afterload stress from the signaling alterations that occur with the transition to heart failure. Sham-operated controls consisted of age-matched mice from each genotype that underwent an identical surgical procedure including isolation of the aortic arch, but without banding, and were studied at an identical time point post-TAC. These mice were not failed TAC mice but a totally separate control group. This rigorous use of sham controls was mandated by our previous studies (53) , which have shown dramatic alterations in gene expression associated with sham surgery in the mouse, lasting for as long as 3 wk postsurgery. Three weeks after surgery, at which point FVB mice have reached a stable hypertrophic stage (28) , echocardiography was performed and the animals were then killed. Hearts were quickly removed and weighed, and heart weights and body weights were recorded. Half of the heart was quickly placed in RNALater solution (Qiagen) to prevent RNA degradation. Another half was placed in 4% paraformaldehyde for quantitative histopathology.
Echocardiography. Transthoracic echocardiography was used to evaluate pressure gradient and cardiac function using a GE Vivid 7 ultrasound platform (GE Health Care, Milwaukee, WI) equipped with both 13-and 10-MHz transducers, while the animals were under light anesthesia (avertin: 0.25 mg/g ip). Two-dimensional short-axis views of the LV were obtained for guided M-mode measurements of the LV posterior wall thickness, LV end-diastolic diameter (LVEDd), and LV end-systolic diameter (LVEDs). For each study, average measurements were made from three beats. The peak gradient across the aortic constriction was calculated from the maximal Doppler blood flow velocity by means of the modified Bernoulli equation: P ϭ 4v 2 , where P is the peak pressure gradient (mmHg) and v is the maximal velocity across the constriction (m/s). The echocardiographer was blinded to genotype.
We evaluated the transaortic systolic pressure gradient in all subjects by echocardiography to eliminate the possibility that differences in banding technique could have influenced the degree of hypertrophy. Although double aortic cannulation has been regarded as the gold standard for this measurement, we (53) have previously shown that the stress of the double cannulation procedure triggers the alteration of a large set of genes when compared with nonoperated controls, even though heart samples were obtained within a time frame as short as 30 min after the initiation of anesthesia. Thus, to accurately control for gene expression changes associated solely with the hypertrophic process, we used echo alone to evaluate pressure gradients after TAC. To validate that peak gradient measured by pulsed-wave Doppler was an accurate reflection of the invasively measured pressure gradient, an additional group of TAC mice (n ϭ 12) underwent both echo and catheterization studies at 3 wk to measure the blood pressure gradient across the band by direct cannulation of both carotid arteries. The right (upstream of the constriction) and left (downstream of the constriction) carotid arteries were cannulated with polyethylene-10 catheters connected to calibrated saline-filled Spectramed DTX Plus pressure transducers. Left and right carotid pressures were measured and recorded. None of the cannulated mice were used for any further analyses. We did not perform angle correction on pulsed Doppler measurements, given the high degree of subjectivity of these corrections. However, we demonstrated a good correlation between Doppler gradient and gradient measured by direct aortic cannulation (y ϭ 0.63x ϩ 9.02; r 2 ϭ 0.65) (see Fig. 3B ). As well, previous data suggests that these gradients underestimate the angle-corrected gradient by ϳ20 mmHg (28) . Since LV fractional shortening was similar across all genotypes, differences in cardiac function could not have influenced these Doppler pressure gradients.
Morphometric analysis. Immersion fixed hearts were cut in half transversely and embedded in paraffin and sectioned for 0.5-m thickness. Slides were stained with wheat-germ agglutinin and DAPI (Molecular Probes, Eugene, OR) to define myocyte boundary for morphometric analysis. After samples were imaged using fluorescent microscopy (ϫ40), NIH image was used to trace individual myocyte cross-sectional areas within a profile margin of 60 myocytes. The average cross-sectional area of the LV free wall was then assessed for each of the three samples within each genotype (180 myocytes for each genotype). Fibrosis was assessed by examining 15 fields each from 3 different sections of the LV free wall using trichrome staining.
For counting capillary and cardiomyocyte numbers, sections were stained for CD31 with a kit (Biocare Medical, Concord CA) that includes trypsin-based antigen retrieval, rat anti-mouse CD31 primary antibody (clone MEC13.3), and diaminobenzidine detection kit. Slides were counterstained with hematoxylin and then assigned new random code numbers. Digital photomicrographs were taken with a ϫ20 objective capturing the inner half of the LV wall in four standard quadrants: anterior, posterior, lateral, and septal. Two independent investigators, blinded to genotype or condition, counted capillary and cardiomyocyte numbers in representative portions of each photograph. On average, 160 cells were counted per quadrant, including cardiomyocytes and CD-31-positive vessels, and the number of vessels per cardiomyocyte was calculated from these numbers. Comparisons were performed between sham and TAC mice at 2 and 3 wk after surgery, with four mice per genotype evaluated. Data from the two independent investigators were averaged.
RNA preparation and microarray analysis. LV myocardium from nine TAC and nine sham mice of each genotype were divided into three independent pools (3 mice per pool). Six cDNA arrays, which represent total of 18 hearts, were analyzed for each genotype. Previous studies (19, 47) on the effects of pooling samples in microarray experiments validate this technique when tissue samples are small. An alternative method, using gene amplification, has the potential for introducing significant additional variability in the data (49) , and thus we elected to use pooled samples. Total RNA was isolated from 45-60 mg heart tissue using the RNeasy mini kit from Qiagen and quantified via spectrophotometry. A universal mouse reference RNA was prepared from whole embryonic day 17.5 mouse embryos and used for all hybridizations so that all arrays could be compared with each other and with historical data from our laboratory. Three biological replicate hybridizations, using pools of 30-g input RNA labeled with Cy3 (heart RNA) and Cy5 (30 g common reference), were performed as previously described (47) .
The Mouse transcriptome microarray used in this study was developed in conjunction with the Stanford Functional Genomics Facility (http://microarray.org). The array is composed of 43,200 mouse cDNA probes representing ϳ25,000 unique genes and expressed sequence tags (44) . It is composed of the National Institutes of Aging 15K developmental gene set, the Riken 22K gene set, and ϳ5,000 other unique clones chosen for their biological interest. Microarrays were scanned using an Agilent G2565AA scanner, and features were extracted using SpotReader software (Niles Scientific). Microarray data was analyzed using Significance Analysis of Microarrays (SAM; Ref. 45) , Database for Annotation, Visualization, and Integrated Discovery (DAVID; Refs. 12, 17), Hi-Throughput GOMiner, and TIGR TM4 software (39) . Array hybridization parameters, and validation are as discussed previously (46) and on the Stanford Functional Genomics Facility website at http://www.microarray.org/sfgf/. Microarray data have been submitted to the NCBI Gene Expression Omnibus (GEO) database in MIAME format.
Confirmation of microarray data using quantitative RT-PCR. Validation of altered gene expression was performed using SYBR Green quantitative real-time PCR (QRT-PCR) using the same total RNA used for the microarray analyses. Four genes previously well de-scribed as up-or downregulated by the hypertrophic process were selected for QRT-PCR: atrial natriuretic peptide (ANP), ␣-skeletal muscle actin, sarcoplasmic reticulum calcium ATPase (SERCA-2), and calcium/calmodulin-dependent serine protein kinase (CaM kinase). Three additional genes that showed differential expression in ␤ 1␤2 Ϫ/Ϫ mice vs. (WT, ␤1 Ϫ/Ϫ , and ␤2 Ϫ/Ϫ ) after TAC were also validated with QRT-PCR: FK506 binding protein 5 (Fkbp5), thioredoxin interacting protein (Txnip), and transforming growth factor-␤ 2 (TGF-␤2). The QRT-PCR reaction was performed in 384-well plates using QuantiTect SYBR Green RT PCR kit (Qiagen). Assays were measured in an ABI Prism 7900HT sequence detection system (Applied Biosystems, Foster City, CA). Each sample was run in triplicate and averaged for final RNA quantitation. The results were compared with microarray data by Student's t-test.
Angiogenic factor assays. For these studies, heart tissues were harvested and homogenized in lysis buffer and tissue lysates (30 g) were separated by SDS-PAGE (n ϭ 4 for each genotype). Proteins were transferred onto nitrocellulose membrane (BioTrace NT; Pall, Dreieich, Germany). Blots were sequentially probed with the primary antibody: anti-VEGF antibody (Santa Cruz Biotechnology, Santa Cruz, California), and anti-phosphorylated p53 antibody (Santa Cruz Biotechnology). Nuclear extracts (20 g) were used for detecting the expression of Hif-1␣. Nuclei were pelleted by centrifugation for 10 min at 12,000 g, resuspended, and rotated for 30 min in the cold room. The suspension was centrifuged for 30 min at 4°C at 20,000 g. Anti-Hif-1␣ antibody and positive control (nuclear extracts from cobalt chloride treated COS-7 cells) were from Novus Biologicals (Littleton, CO). Secondary antibodies were then detected by Lumi-GLO chemiluminescence and then quantified using a Bio-Rad Imaging Densitometer GS 710 (Bio-Rad, Hercules, CA). Specific protein expression was normalized to GAPDH expression for all experiments.
Statistical analysis. All data are expressed as means Ϯ SE. Statistical analyses were performed with commercially available software (StatView version 5.0, SAS Institute, NC) except for the microarray data for which custom software was used, as mentioned above. Data for sham-operated and TAC animals within the same genotype were compared using an unpaired Student's t-test. Statistical comparisons of different genotypes and treatments were performed by a two-way ANOVA with post hoc testing by Fisher's protected least significant difference test. A value of P Ͻ 0.05 was considered to be statistically significant.
RESULTS

Hypertrophic growth is increased in ␤ 2
Ϫ/Ϫ and attenuated in ␤ 1 /␤ 2 Ϫ/Ϫ . After 3 wk of TAC, heart mass increased for all groups except the ␤ 1 ␤ 2 Ϫ/Ϫ (Fig. 1 ). WT showed a 34% increase in heart weight to body weight ratio (HW/BW) vs. .98 Ϯ 0.32; P ϭ NS). Lung weight to body weight and liver weight to body weight were unchanged for all TAC groups compared with sham (data not shown), an indication that our model was one of compensated hypertrophy rather than hypertrophy-induced heart failure. Morphometric analysis confirmed the results of HW/BW data, showing no increase in cardiomyocyte cross-sectional area in ␤ 1 ␤ 2 Ϫ/Ϫ TAC compared with ␤ 1 ␤ 2 Ϫ/Ϫ sham and a greater increase in myocyte cross-sectional area in ␤ 2 Ϫ/Ϫ TAC vs. ␤ 2 Ϫ/Ϫ WT (Fig. 2) . There was no histologic evidence of fibrosis in any genotype as assessed by trichrome staining. Even after 12 wk of TAC, WT FVB mice did not show signs of heart failure and ␤ 1 ␤ 2 Ϫ/Ϫ mice did not show signs of heart failure or hypertrophy.
Physiology. Since the magnitude of resulting afterload elevation is dependent on severity of the aortic constriction (38), we evaluated the pressure gradient in all mice by echocardiography. Peak pressure gradients were similar in all genotypes (Fig. 3A) , ranging from 45 to 53 mmHg. There was no difference in LV fractional shortening between TAC and sham for all genotypes, confirming the absence of heart failure ( Fig.  3C) . However, there were some differences in LV dimensions: LVEDd and LVEDs were greater in the ␤1 Ϫ/Ϫ and ␤ 2 Ϫ/Ϫ after TAC compared with sham; in contrast, in the ␤ 1 ␤ 2 Ϫ/Ϫ LVIDd and LVEDs were both slightly decreased compared with sham (Fig. 3D) .
Strain background and hypertrophic response in ␤ 1 ␤ 2 Ϫ/Ϫ . To evaluate possible strain effect on the development of cardiac hypertrophy, we performed TAC in ␤ 1 ␤ 2 Ϫ/Ϫ from the original mixed background (C57Bl/6, DBA/2, 129/Sv, and BALB-C) originally reported from our laboratory, the strain that is commercially available (Adrb1/Adrb2 null mice; Jackson Laboratory). Comparing TAC vs. sham ␤ 1 ␤ 2 Ϫ/Ϫ on the mixed background and ␤ 1 ␤ 2 Ϫ/Ϫ vs. WT on a similar strain background (derived from the original compound heterozygote crosses), the absence of both ␤-ARs still markedly attenuated the hypertrophic response (62% increase in HW/BW in WT vs. 21% increase in ␤ 1 ␤ 2 Ϫ/Ϫ ), although it did not totally ablate it.
Role of angiogenesis in compensated cardiac hypertrophy.
In a similar TAC model, Sano et al. (40) described an important role for angiogenesis, mediated by an early increase in Hif-1␣ promoting activation of VEGF. During the transition from hypertrophy to failure, upregulation of p53 inhibited Hif-1␣ contributing to functional decompensation (40) . Our models allowed us to examine the role of angiogenesis in three unique settings: compensated hypertrophy without heart failure (WT), increased transmural pressure without hypertrophic adaptation (␤ 1 ␤ 2 Ϫ/Ϫ ), and in the presence of exaggerated hypertrophy (␤ 2 Ϫ/Ϫ ) (13, 34, 40). At baseline (sham), VEGF was decreased in ␤ 1 ␤ 2 Ϫ/Ϫ and increased in ␤ 2 Ϫ/Ϫ vs. WT (P Ͻ 0.005; Fig. 4A ). In contrast to Sano et al. (40), we found no increase in VEGF expression in WT,
Ϫ/Ϫ at any time point after TAC. We did, however, find a 70% increase in VEGF (P Ͻ 0.05) in sham above nonoperated controls (Fig. 4C) , emphasizing the importance of using sham-operated controls (53). Hif-1␣, which is unstable in normoxic myocytes, was undetectable in any of the genotypes at any time point, although was easily detected in a positive control, suggesting that myocyte oxygenation was not impaired in any genotype (Fig. 4D) . Similar to VEGF, there were differences in p53 at baseline but no increases in p53 at any time after TAC (Fig. 4B ). In concordance with protein expression, there were also no changes in gene expression of p53, Hif-1␣, or VEGF. In further support of these findings, the capillary-to-cardiomyocyte ratio, measured by two observers blinded to experimental condition, was not increased after TAC in WT mice or in any of the knockouts at any time point (Fig. 5) .
Genome-wide screen reveals ␤-AR regulation of pathways of hypertrophic remodeling. To elucidate the molecular mechanisms underlying ␤-AR regulation of hypertrophy, we performed a genome-wide expression analysis on TAC and sham after 3 wk. Given the absence of hypertrophy in the
vs. the other genotypes, a comparison was performed of
With the use of a P value of Ͻ0.01, there were 92 transcripts differentially upregulated in the ␤ 1 ␤ 2 Ϫ/Ϫ , each of which represents a candidate for suppression of cardiac hypertrophy (Table 1A) . Among these are several high probability candidates based on prior evidence linking them to hypertrophic remodeling; all were confirmed by QRT-PCR. One is Fkbp5 (Fig. 6A) , an inhibitor of calcineurin phosphatase (4). Upregulation of Fkbp5 may attenuate cardiac hypertrophy through inhibition of calcineurin (27) . A second candidate is Txnip (Fig. 6B) . Overexpression of Txnip inhibits hypertrophy in response to pressure overload (52) . A third candidate is S100 calcium binding protein A9/calgranulin B (S100A9; Fig. 6C ), a secreted protein that acts as a strong inflammatory chemoattractant for monocytes and neutrophils (26) . Another member of the calgranulin family, S100A4, is upregulated in both hypertrophy and in the border zone after myocardial infarction (41) . With the use of significance analysis of microarrays to compare ␤ 1 ␤ 2 Ϫ/Ϫ TAC vs. WT TAC, 58 genes were upregulated in ␤ 1 ␤ 2 Ϫ/Ϫ vs. WT. The most highly represented gene ontology categories included "metabolic process" with 25 genes, "localization" with 11 genes, "transport" with 9 genes, and "cell development" and "cell differentiation" each with 8 genes.
Comparing ␤ 1 ␤ 2 Ϫ/Ϫ TAC vs. ␤ 1 ␤ 2 Ϫ/Ϫ sham, there were only 2 genes upregulated with TAC and 70 downregulated, dramatically less than reported for WT (53), of which 31 represented gene ontology categories for metabolic pathway genes. Similarly, KEGG pathway analysis showed 14 genes associated with oxidative phosphorylation, representing 28% of regulated genes, and 2 genes associated with glycolysis/gluconeogenesis. There were 110 transcripts differentially upregulated in all other genotypes but not the ␤ 1 ␤ 2 Ϫ/Ϫ (Table 1B) , most notably TGF-␤ 2 ( Fig. 6D ), confirmed by RT-PCR. TGF-␤ signaling has been shown to play a role in regulating hypertrophy (3). Another differentially regulated transcript is karyopherin alpha 2 (Kpna2), a component of the nuclear localization signal of the nuclear protein import receptor, which transports Ca 2ϩ /calmodulin-dependent protein kinase IV (CaMKIV) into the nucleus (21) . CaM kinase signaling has been implicated in ␤-AR-mediated remodeling and apoptosis (55) . SAM analysis did not identify any additional genes upregulated in the WT but not in the ␤ 1 ␤ 2 Ϫ/Ϫ . Fig. 4 . A: VEGF expression in sham-operated controls compared with TAC after 1, 2, and 3 wk (n ϭ 7 in each group). There were no differences in VEGF expression in any of the genotypes at any time point after TAC compared with sham controls. Baseline, i.e., sham-operated, VEGF expression was increased in the ␤2 Ϫ/Ϫ ( †P Ͻ 0.005) and decreased in the ␤1␤2 Ϫ/Ϫ ( †P Ͻ 0.005) compared with WT. VEGF was did not change in WT or ␤1␤2 Ϫ/Ϫ after TAC but fell in the ␤2 Ϫ/Ϫ (*P Ͻ 0.05). B: p53 expression was unchanged with TAC in each genotype (n ϭ 7 in each group). However, similar to VEGF, p53 expression was increased in the sham-operated ␤2 Ϫ/Ϫ ( †P Ͻ 0.005) and decreased in the sham-operated ␤1␤2 Ϫ/Ϫ ( †P Ͻ 0.005) compared with WT. C: sham operation significantly increased VEGF expression at 2 wk compared with nonoperated controls (n ϭ 4 in each group) demonstrating the importance of using sham controls at all time points after TAC (*P Ͻ 0.05). D: Hif-1␣ expression was not increased after TAC at any time point (n ϭ 4 in each group). ϩCon is positive control (nuclear extract from cobalt chloride-treated COS-7 cells).
Four genes that have been well characterized in pathologic hypertrophy were also measured by QRT-PCR: ␣-actin, ANP, CaM kinase, and SERCA-2. After 3 wk TAC, ␣-actin was increased in all genotypes except the ␤ 1 /␤ 2 Ϫ/Ϫ (Fig. 7A) . ANP was increased in all groups, although the greatest increase was in the ␤ 2 Ϫ/Ϫ (13-fold increase over sham). SERCA was decreased in both WT and ␤ 2 Ϫ/Ϫ but not in the
and CaM Kinase was increased only in the ␤ 1 Ϫ/Ϫ . To elucidate the mechanisms by which ␤ 2 -AR signaling may serve to limit the extent of cardiac hypertrophy, we compared ␤ 2 Ϫ/Ϫ vs. WT TAC ( Table 2) . At a P value Ͻ0.01, there were 49 transcripts differentially upregulated in the ␤ 2 Ϫ/Ϫ , including calcineurin B type I (Ppp3r1), which has been shown to mediate the hypertrophic response of cardiomyocytes to Ca 2ϩ (27) and could be one mechanism for the exaggerated hypertrophic response in the ␤ 2 Ϫ/Ϫ . Among 418 differentially downregulated transcripts in the ␤ 2 Ϫ/Ϫ vs. WT, there were several apoptosis-related genes, including peptidyltRNA hydrolase 2 (Ptrh2), a BCL2 inhibitor of transcription that induces cell death with characteristics of caspaseindependent apoptosis (10).
DISCUSSION
Coordinated signaling through both ␤-AR subtypes is required for a normal hypertrophic response to pressure overload. Normal levels of ␤ 2 -AR signaling appear to limit the hypertrophic response and put a brake on potentially deleterious remodeling. In support of this hypothesis, previous studies (14) using transgenic mice overexpressing the ␤ 2 -AR show more severe cardiac dysfunction and increased fibrosis when subjected to TAC. In contrast, only ␤ 1 /␤ 2 double knockout mice fail to develop pressure overload hypertrophy, suggesting that both ␤-ARs are required for a normal hypertrophic response in vivo. Our conclusions are supported by both gross and microscopic data with careful controls for genetic strain, sham operation, and the degree of afterload stress.
Since wall thickness did not increase in ␤ 1 /␤ 2 Ϫ/Ϫ and chamber size was unchanged, wall stress was highest in these mice, yet cardiac function was maintained despite failure to adapt to the increased wall stress with hypertrophy. These data suggest that hypertrophy is not a requirement per se for the maintenance of normal systolic function during moderate degrees of afterload stress.
Our results, using knockout mice, can be placed into context with pharmacologic studies using ␤ 1 -or ␤ 2 -specific antagonists to evaluate the roles of these receptors in cardiac remodeling, although most of these studies examine hypertrophic remodeling after myocardial ischemia. In studies using TAC, the ␤1-antagonist celiprolol (23) or the nonspecific ␤-antagonists propranolol (32) and carvedilol (51) were found to attenuate, but not eliminate, hypertrophy, the latter by suppression of calcineurin/NFAT signaling. Ahmet et al. showed that the ␤ 2 -agonists fenoterol and zinterol had better efficacy in reducing infarct size and preserving cardiac function after myocardial infarction than the ␤ 1 -antagonist metoprolol (1) and that a combination of a ␤ 2 -agonist with a ␤ 1 -antagonist was the most beneficial (2).
Our results for the ␤ 1 /␤ 2 double knockout are similar to those of Kiriazis et al. (20) and extend their results to studies of single Fig. 5 . Vessel-to-myocyte ratios, measured by 2 independent observers blinded to experimental condition, were unchanged at both 2 and 3 wk after TAC in WT, ␤2 Ϫ/Ϫ , and ␤1␤2 Ϫ/Ϫ mice (n ϭ 4 in each group). Genes are ranked by fold change (only showing those with fold change Ͼ2.0; P Ͻ 0.01). TAC, transverse aortic constriction. receptor knockouts. Furthermore, one of the potential concerns in Kiriazis' study, the substantial differences in body mass and HW/BW between the ␤ 1 ␤ 2 Ϫ/Ϫ and WT controls, was not a factor in our study and may reflect differences in strain background. Because of this difference, Kiriazis et al. used slightly different surgical technique in the knockouts compared with WT controls that could call into question their results. This was not an issue in our study and we confirmed similar transaortic gradients in all of our subjects. Similar to Kiriazis et al. we also found elevated expression of ␣-actin and ANP at baseline in the ␤ 1 ␤ 2 Ϫ/Ϫ . In contrast, our results differ significantly from those of Palazzesi et al. (31) , who concluded that neither ␤ 1 -nor ␤ 2 -ARs are necessary for pressure overload hypertrophy. There are several possible reasons for this discrepancy. First, their study used mixed strain ␤ 1 ␤ 2 mice (129X1/SvJ, C57BL/6J, DBA/2, and FVB/N), which are the only ␤ 1 /␤ 2 Ϫ/Ϫ mice available commercially. Thus it would not have been possible for this group to use strain-matched controls, since mice with the exact mix of these four strains are not commercially available. We generated congenic double knockout FVB mice and used WT littermates from the original heterozygote crosses as controls. Furthermore, to address whether our results were unique to the FVB background, we repeated TAC on Fig. 6 . Expression of known regulators of cardiac hypertrophy after TAC in each genotype. Each candidate gene was initially identified as significantly differentially regulated by gene microarray analysis. Data shown are results of confirmatory quantitative (Q)RT-PCR (n ϭ 9 in each group). Transcripts which were differentially increased with TAC in ␤1␤2 Ϫ/Ϫ vs. all other genotypes include FK506 binding protein 5 (Fkbp5; A) , thioredoxin interacting protein (Txnip; B), and S100A9 (C). In contrast, transforming growth factor-␤2 (TGF-␤2; D) expression was increased in all genotypes after TAC except for the ␤1␤2 Ϫ/Ϫ . *P Ͻ 0.05 vs. sham. Fig. 7 . Expression of hypertrophy genes after TAC in each genotype by QRT-PCR (n ϭ 9 in each group). A: expression of ␣-skeletal actin was significantly increased in all TAC groups except for the ␤1/␤2 Ϫ/Ϫ . B: atrial natriuretic peptide (ANP) expression was increased in all TAC groups, although the greatest increase was in the excessively hypertrophic ␤2 Ϫ/Ϫ (13-fold increase over sham). C: sarcoplasmic reticulum calcium ATPase (SERCA) decreased in both WT and ␤2 Ϫ/Ϫ but was unchanged in the ␤1 Ϫ/Ϫ and ␤1␤2 Ϫ/Ϫ . D: calcium/calmodulin-dependent serine protein kinase (CaM kinase) was increased significantly only in the ␤1 Ϫ/Ϫ . *P Ͻ 0.05 vs. sham. the mixed strain background but were able to use littermate WT mice generated from the original compound heterozygote crosses as controls. We did confirm that absence of both ␤-ARs dramatically attenuated the hypertrophic response, although, in contrast to the FVB strain, it was not totally ablated, suggesting the role of strain-specific modifiers. Second, in the study by Palazzesi only three mice in each group had their aortic gradient measured so there is no way to know whether these gradients were identical in the mice in which cardiac hypertrophy was assessed. In our experience with the TAC procedure, gradients can vary considerably, resulting in the potential for different degrees of afterload stress. We measured both TAC gradient and cardiac output in every one of our subjects.
In a similar TAC model, Sano et al. (40) described an important role for angiogenesis in hypertrophic adaptation, mediated by an early increase in Hif-1␣ activating VEGF and later upregulation of p53 contributing to functional decompensation. Our models allowed us to examine the role of angiogenesis in three unique settings: compensated hypertrophy without heart failure (WT), increased transmural pressure without hypertrophy (␤ 1 ␤ 2 Ϫ/Ϫ ), and exaggerated hypertrophy (␤ 2 Ϫ/Ϫ ) (13, 34, 40) . In contrast to Sano, we found no role for angiogenic regulators in mediating compensated pressure overload hypertrophy. We did find a 70% increase in VEGF (P Ͻ 0.05) in shams compared with nonoperated controls (Fig. 4C) , emphasizing the importance of using sham-operated controls at all time points (53) . Increased capillary-to-cardiomyocyte ratio was not present after TAC in WT or any of the knockouts at any time point (Fig. 5) .
These data differ dramatically from that of Sano, failing to show a role for neovascularization after TAC. However, our models are quite different. Our data suggest that angiogenesis does not play a role in stable, compensated cardiac hypertrophy and may only be a factor when afterload stress is significant enough to induce cardiac failure. In humans with increased afterload due to hypertension or structural heart disease, it would be unusual for the heart to suddenly experience a sustained increase in afterload of the degree required to induce heart failure in mice (ϳ70% increase in intracavitary pressure). Of note, in the ␤ 1 ␤ 2 Ϫ/Ϫ mice, where transmural wall stress (11) would be highest, expression of angiogenic regulators and capillary density were not increased, yet these mice did not develop heart failure. Even with the exaggerated hypertrophy of the ␤ 2
Ϫ/Ϫ
, where oxygen diffusion distance would be greatest, angiogenesis did not play a role in compensated adaptation to pressure overload. Another potential difference between our study and that of Sano et al. (40) is the strain used. We have found that FVB mice are particularly resistant to heart failure after TAC (even after greater degrees of aortic constriction and for periods up to 6 mo) whereas C57 mice readily transition from hypertrophy to heart failure within the first week or two after mild-moderate aortic constriction. FVB mice are similarly resistant to heart failure in other models, e.g., TNF-␣ overexpression (42) .
To elucidate molecular mechanisms underlying ␤-AR regulation of hypertrophy, we performed a genome-wide expression analysis on TAC and sham-operated mice. Several genes that have previously been implicated in the regulation of cell growth were differentially expressed in the ␤ 1 ␤ 2 Ϫ/Ϫ heart after TAC compared with the other genotypes. Those that were differentially upregulated in the ␤ 1 ␤ 2 Ϫ/Ϫ represent candidate suppressors of cardiac hypertrophy including Fkbp5 (3.2-fold up; Fig. 6A ) an inhibitor of calcineurin (48) . Sussman et al. (43) showed that FK506 attenuates pressure overload hypertrophy. Another potential candidate is Txnip, an inhibitor of thioredoxin (22 A third potential candidate is S100A9, a member of the S100 family of EF-hand calcium binding proteins, implicated in cell growth mediated through NF-B (16) Another member of the calgranulin family, S100A4, is upregulated in hypertrophy (41) .
One-hundred and ten transcripts were differentially upregulated in all genotypes except the ␤ 1 ␤ 2 Ϫ/Ϫ , most notably TGF-␤ 2 ( Fig. 6D) (7, 25) . TGF-␤ signaling has been shown to play a role in regulating hypertrophy (3, 37) . Another differentially regulated transcript is karyopherin alpha 2 (Kpna2), a component of the nuclear localization signal of the nuclear protein import receptor, which transports CaMKIV into the nucleus (21) . CaMKII signaling has been implicated in ␤-ARmediated remodeling (55) .
To elucidate the mechanisms by which ␤ 2 -AR signaling limits cardiac hypertrophy, we next compared ␤ 2 Ϫ/Ϫ vs. WT TAC. Forty-nine transcripts were differentially upregulated in the ␤ 2 Ϫ/Ϫ and 418 differentially downregulated. Downregulated candidates include several apoptosis-related genes, including peptidyl-tRNA hydrolase 2 (Ptrh2), a BCL2 inhibitor of transcription that induces cell death with characteristics of caspase-independent apoptosis (10) .
We also examined a panel of well characterized pathologic hypertrophy genes, including ␣-actin, ANP, CaM kinase, and SERCA-2. After 3 wk of TAC, both ␣-actin and ANP were increased in all genotypes; the greatest increase in ANP was in the ␤2 Ϫ/Ϫ , with the greatest degree of hypertrophy. SERCA was decreased in both WT and ␤ 2 Ϫ/Ϫ but not in the
. Previous studies (6) have shown that ␣-actin and ANP upregulation occur in compensated hypertrophy in the absence of heart failure. In mild hypertrophy, sarcomplasmic reticulum calcium handling decreases even before SERCA downregulation is evi- Genes are ranked by fold change. dent (9) . These genes have traditionally been used to separate "physiologic hypertrophy," i.e., that induced by exercise, from "pathologic hypertrophy," i.e., that which progresses to heart failure. In our model of stable hypertrophy (systolic function remaining normal for up to 3 mo after TAC), these gene changes may be reflective of the hypertrophic process alone or could represent subtle alterations in diastolic function associated with afterload stress. Our study has several limitations. Our microarray data reflect only one time point in the development of cardiac hypertrophy. As we (53) have previously shown, genome-wide expression changes dynamically during the progress of cardiac hypertrophy. We chose a degree of aortic constriction that is not associated with decompensation to separate the effects of ␤-AR deletion on hypertrophy vs. heart failure. Although prior studies have reported higher transaortic gradients than ours, these studies have used angle correction, which we have avoided as it adds too objective a factor. We have not seen any heart failure for periods of up to 12 wk, at which point nearly all TAC models that develop heart failure will have shown some decompensation. It should also be emphasized that our findings may not be applicable to all mouse strains. We have studied the role of ␤-receptor knockouts on both congenic FVB and mixed background strains and found that there are straindependent differences in the degree to which hypertrophy is attenuated. Other commonly used strains for murine cardiovascular research, such as C57Bl6/J, may be different. Another limitation to our study is that we have not expanded on which (or which combinations) of the several gene alterations we have described is responsible for the attenuation of hypertrophy in the double knockout. Such studies would require generation of triple and potentially quadruple gene-deleted animals and the introduction of additional strain backgrounds to the mix and are clearly beyond the scope of the present investigation.
In summary, cardiac pressure overload hypertrophy is regulated by a coordination of ␤ 1 -and ␤ 2 -AR signaling. Only when both major cardiac ␤-AR subtypes are ablated is the hypertrophic response abolished, suggesting that ␤ 1 and ␤ 2 -ARs act in concert to produce a normal hypertrophic response. ␤ 2 -AR signaling, which has been linked to both similar and divergent downstream effectors compared with the ␤ 1 -AR, may limit deleterious remodeling by putting a brake on the hypertrophic process. Altered expression of genes regulating calcineurin and TGF-␤ signaling suggest that these two important hypertrophic pathways play a central role, although the mechanisms by which ␤-ARs mediate alterations in these signaling molecules remain to be determined. The implications of these results for patients receiving ␤-AR antagonists will also require further study, with the usual caveat of translation of murine data to humans. Are patients receiving nonsubtype specific ␤-blockers for heart failure less able to respond with physiologically appropriate degrees of hypertrophy to mild-to-moderate degrees of afterload stress such as induced by hypertension or bicuspid aortic valve stenosis? Are there circumstances where subtype-specific ␤-blockers would be more appropriate? Our finding that ␤ 2 -ARs limit the extent of hypertrophic remodeling is intriguing in light of evidence that ␤ 2 -AR agonists may be beneficial in some models of heart failure (54) . Finally, in contrast to models of hypertrophy leading to heart failure, we found no evidence that cardiac angiogenesis plays a role in stable, compensated pressure overload hypertrophy.
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